Genome-wide landscapes of transcription factor (TF) binding sites (BSs) diverge during evolution, conferring species-specific transcriptional patterns. The rate of divergence varies in different metazoan lineages but has not been widely studied in plants. We identified the BSs and assessed the effects on transcription of FLOWERING LOCUS C (FLC) and PERPETUAL FLOWERING 1 (PEP1), two orthologous MADS-box TFs that repress flowering and confer vernalization requirement in the Brassicaceae species Arabidopsis thaliana and Arabis alpina, respectively. We found that only 14% of their BSs were conserved in both species and that these contained a CArG-box that is recognized by MADS-box TFs. The CArG-box consensus at conserved BSs was extended compared with the core motif. By contrast, species-specific BSs usually lacked the CArG-box in the other species. Flowering-time genes were highly overrepresented among conserved targets, and their CArG-boxes were widely conserved among Brassicaceae species. Cold-regulated (COR) genes were also overrepresented among targets, but the cognate BSs and the identity of the regulated genes were usually different in each species. In cold, COR gene transcript levels were increased in flc and pep1-1 mutants compared with WT, and this correlated with reduced growth in pep1-1. Therefore, FLC orthologs regulate a set of conserved target genes mainly involved in reproductive development and were later independently recruited to modulate stress responses in different Brassicaceae lineages. Analysis of TF BSs in these lineages thus distinguishes widely conserved targets representing the core function of the TF from those that were recruited later in evolution.
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vernalization | flowering | Arabidopsis | Arabis alpina | binding-site evolution V ariation in gene transcription is a major source of phenotypic diversity contributing to adaptation and speciation (1) . Understanding how transcriptional patterns arise and evolve is an important question in biology. Transcription is regulated by transcription factors (TFs) that bind, often in combinations, to specific DNA sequences within genes to modulate the activity of RNA polymerase. Variation in transcription of a gene can arise through cis-acting differences that alter TF binding or through trans-acting differences in TF activity. Recently, these issues have been addressed at the genome-wide level by utilizing ChIP followed by next-generation sequencing (ChIP-seq), allowing determination of binding sites (BSs) for individual TFs across the whole genome and comparison of the repertoire of BSs for orthologous TFs in different species. This approach has been widely applied in yeast and metazoans to study evolution of TF BSs (2) (3) (4) . However, diversification of TF BSs has seldom been studied at the genome-wide level in plant lineages (5) . We determined the BSs of the Arabidopsis thaliana TF FLOWERING LOCUS C (FLC) and its ortholog PERPETUAL FLOWERING 1 (PEP1) of Arabis alpina, which are critical repressors of flowering (6) (7) (8) .
Variation in TF binding between species has been extensively studied in yeast and metazoans. Surprisingly, in vertebrates, the BSs of TFs that contribute to developmental processes showed low conservation even among closely related species, and the extent of conservation decreased exponentially with increasing evolutionary distance (9) . However, in Drosophila species, TF BSs appear to be more conserved (3, 10) , and the extent of conservation decreased at only a linear rate with evolutionary distance (9) . In plants, only one comparative study of TF binding has been performed in two sister species (5) . BSs of the MADSbox TF SEPALLATA3 (SEP3) were compared between A. thaliana and Arabidopsis lyrata, and approximately 21% of BSs were conserved. This rate of divergence resembles that described in vertebrates rather than in insects. However, the extreme variation in genome size observed in plant lineages (11) and the differences in transposon content found between members of the same family suggested that constraints on genome-wide patterns of TF BSs might vary significantly in different parts of the phylogeny (9) . Therefore, we focused on PEP1 and FLC, orthologous MADS-box TFs in A. alpina and A. thaliana, respectively. In both species, these TFs confer a flowering response to low winter Significance Developmental programs of higher plants show plasticity to environmental signals. In the Brassicaceae, the transcription factor (TF) FLOWERING LOCUS C (FLC) represses reproduction until plants are exposed to winter cold. Here we define the target genes of FLC in two species in different lineages of the Brassicaceae and compare the target sequences across the family. Fewer than 20% of target genes were conserved between the species examined, and genes involved in flowering were overrepresented among these. By contrast, many of the nonconserved target genes were involved in stress responses. We propose that, for TFs like FLC, which control environmental responses of plants, core sets of targets are conserved between species, but the majority change rapidly during evolution.
temperatures (i.e., vernalization), and their inactivation by mutation causes early flowering (6) (7) (8) . Transcript levels of FLC and PEP1 decrease progressively in prolonged cold, so that, after several weeks, they reach trough levels. In the annual species A. thaliana, FLC mRNA level remains low after vernalization, allowing plants to flower continuously until senescence, and FLC mRNA level is reset in the progeny. By contrast, in perennial A. alpina, PEP1 transcript level is reset after vernalization, allowing the same individual to respond again to cold the following year (8) . Allelic variation at PEP1 and FLC is also important in natural populations contributing extensively to variation in flowering behavior (12, 13) . Similar to other MADS-box TFs, FLC binds to CArG-box motifs with the consensus sequence CC[A/T] 6 GG (14) . Hundreds of BSs for FLC have been described in the genome of A. thaliana (15, 16) , and these suggest that, in addition to vernalization response, FLC is associated with vegetative phase transition, flower development, gibberellin (GA) synthesis and signaling, as well as other environmental responses (15) (16) (17) (18) (19) (20) .
We compared the BSs and effects on gene expression of FLC and PEP1 in A. thaliana and A. alpina, respectively, species with markedly different genome sizes and life histories that are in different lineages of the Brassicaceae (21, 22) . Our study suggests that determining evolutionarily conserved TF BSs in different Brassicaceae lineages can be a powerful approach to identify target genes contributing to the core function of a TF, as for FLC/PEP1 in the control of flowering. In addition, it allows investigation of how the BSs of orthologous TFs have independently evolved to regulate other processes.
Results

Definition of the Genome-Wide Occupancy and Transcriptional
Network Controlled by PEP1 in A. alpina. To identify the BSs of PEP1 in A. alpina Pajares, ChIP-seq was performed on long-day (LD) grown seedlings of A. alpina Pajares and pep1-1 mutant, which produces no WT PEP1 protein (SI Appendix, Fig. S1 ). The assay was performed in three biological replicates for each genotype by using antiserum raised against PEP1 (12) , and high reproducibility was found between biological replicates (SI Appendix, Fig. S2 ). This approach identified 204 high-confidence peaks (false discovery rate < 0.01, present in at least two of three replicates) at unique genomic regions that represent PEP1 BSs (Fig. 1A and Dataset S1). Among these BSs, 180 were assigned to 324 annotated neighboring genes, where the center of a peak resided within 5 kb upstream of the transcriptional start site (TSS) and no further than 3 kb downstream of the transcriptional end site (TES) of these genes, which were therefore referred to as PEP1 direct target genes (Fig. 1A) . In A. thaliana, target genes are usually defined as those in which the center of the ChIP-seq peak resides within 3 kb upstream of the TSS and 1 kb downstream of the TES (23, 24) , but these distances were extended for A. alpina because of the longer intergenic regions in this species (22) . Nevertheless, the PEP1 targets obtained by using the parameters employed in A. thaliana are also listed (Dataset S1). MADS-box TFs bind mostly in the 5′ promoter region or 5′UTR of target genes (15, 16, (23) (24) (25) (26) (27) . Consistent with these previous reports, 70% of the detected PEP1 peaks were in promoter regions (Fig. 1B) . Also, several BSs were validated independently by ChIP-PCR (Fig. 1C) .
DNA sequences of PEP1 BSs were examined to identify positional weight matrices that can be assigned as consensus sequences recognized by the TF. De novo motif discovery identified the canonical CArG-box [CC(A/T) 6 GG], the recognition sequence of MADS-box TFs, in 79% of the BSs, and most of these were located close to the center of the peak (Fig. 1D ). In addition, TCP-binding motifs and G-boxes, which are bound by bHLH and bZIP TFs, were significantly enriched, although the positions of these elements within the peak were more variable (Fig. 1D ). All three motifs were previously identified in the binding regions of FLC in A. thaliana (15, 16) . To analyze the influence of PEP1 on gene expression, RNA sequencing (RNA-seq) was performed on A. alpina Pajares and the pep1-1 mutant. In these experiments, leaves and apices of 2-wk-old seedlings were used. In leaves and apices, 96 and 325 transcripts, respectively, were differentially expressed [log 2 (fold change) > 1.5 and adjusted P < 0.05] in pep1-1 compared with Pajares (Dataset S2). The gene set regulated by PEP1 differed between the two tissues (SI Appendix, Fig. S3 ), but approximately 54% of genes differentially expressed in pep1-1 leaves were also differentially expressed in apices. Overall, more genes were differentially expressed in apices of pep1-1 mutants than in leaves, which contrasts with what was previously observed in comparisons of FLC and flc-3 A. thaliana plants (16) . PEP1 therefore appears to have a broader role in A. alpina apices than FLC does in A. thaliana apices, in which the related protein SHORT VEGETATIVE PHASE (SVP) plays a greater role (16) .
To assess the effect of PEP1 on transcription of its direct target genes, differentially expressed genes (DEGs) in pep1-1 mutants were compared with those identified by PEP1 ChIP-seq. A total of 27 genes representing ∼8% of PEP1 direct targets were detected as DEG in either tissue analyzed (Fig. 1E ). In addition, PEP1 acted almost exclusively as a repressor of transcription (Fig. 1E) , because nearly all differentially expressed direct target genes were increased in expression in the pep1-1 mutant compared with Pajares. A similar result was previously obtained for FLC in A. thaliana (15, 16) . PEP1 direct target genes that are differentially expressed in the pep1-1 mutant include the orthologs of genes that are associated with different aspects of flowering in A. thaliana, including FLOWERING LOCUS T (FT), SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) (28, 29) , CONSTANS LIKE1 (COL1) (30) , SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 15 (SPL15) (31, 32) , SEPALLATA 3 (SEP3) (33) , and PHYTOCHROME INTERACT-ING FACTOR 3 (PIF3) (34) . PEP1 therefore directly controls genes that are likely to be involved in several flowering-related processes in A. alpina. thaliana were compared to determine their conservation and the extent to which they regulate similar biological processes. To provide an FLC dataset directly comparable to that described here earlier for PEP1, A. thaliana plants were grown under similar conditions to A. alpina and ChIP-seq was performed. The sequences obtained after ChIP-seq of both TFs generated similar genome coverage (Dataset S3). The ChIP-seq of FLC was performed by using an antiserum that was previously described (15) (SI Appendix, Fig. S4 , and Dataset S1). Again, high reproducibility was found between biological replicates (SI Appendix, Fig.  S2 ). A total of 297 FLC BSs were identified. The number of FLC BSs in A. thaliana appears therefore to be higher than the number of PEP1 BSs in A. alpina. Genes were defined as direct targets of FLC if the center of a ChIP-seq peak was within 3 kb upstream of the TSS or 1 kb downstream of the TES. By using these criteria, 487 direct target genes were identified under the LD conditions used here, and these showed 50% overlap with those previously found in plants grown under short-day (SD) conditions (16) (SI Appendix, Fig. S4B) . Some of the differences may represent photoperiod-dependent variation in activity of FLC. Furthermore, 61% of the targets detected here overlap with those identified by Deng et al. (15) (SI Appendix, Fig. S4B ). As expected, FLC BSs were mostly located in promoter regions (SI Appendix, Fig. S4C ).
The conservation of FLC BSs and PEP1 BSs was examined by direct sequence alignment comparisons using BLAST ( Fig. 2A) . Only 28 PEP1 BSs (representing 14% of all PEP1 BSs) were found to align to FLC BSs and are referred to as conserved BSs ( Fig. 2 A and B, blue lines). Thus, the binding landscapes of PEP1 and FLC are very different in A. alpina and A. thaliana, respectively. Target gene conservation was approached independently of BS conservation by comparing directly the target genes identified in each species (Dataset S1). A total of 39 genes were identified as bound by FLC and PEP1, hereafter referred to as common target genes ( Fig. 2 A and B and Dataset S1). In addition, PEP1 targets were compared with FLC targets that were detected by Deng et al. (15) but not found in this study. Twenty genes were identified (Dataset S4), which represented 4% of the FLC targets unique to the list of Deng et al., further supporting the low proportion of target genes conserved in both species. Genes associated with the 28 conserved BSs were then compared with the 39 common target genes detected in our data. Among the common target genes, 28 contained conserved BSs and were referred to as conserved target genes, whereas the remaining 11 contained BSs that differed between the two species (visualized in SI Appendix, Fig. S5 ).
Whether PEP1 and FLC BSs are located in conserved syntenic regions was then examined. Each BS in one species was aligned to the orthologous locus in the other genome. This approach demonstrated that all conserved BSs that are associated with genes (24 BSs in A. alpina and 27 BSs in A. thaliana) are located in orthologous genomic positions. Furthermore, the majority of species-specific BSs (72% of PEP1 and 88% of FLC BSs; Fig. 2 A and B) are present in the other genome, with a sequence identity of 50-80% (SI Appendix, Fig. S6 , and Dataset S5). Therefore, the sequences containing species-specific BSs are mostly present in the genome of the other species but are not recognized by the orthologous TF.
The effects of PEP1 and FLC on the transcriptome of A. alpina and A. thaliana, respectively, also differed greatly ( Fig.  2 C and D) , consistent with the low conservation of BSs. Among PEP1 direct targets, a higher proportion of conserved target genes showed altered expression in the mutants compared with all target genes ( Fig. 2E ; validation of differences for a subset of genes is shown in SI Appendix, Fig. S7 ). Thus, under standard growth conditions, conserved targets are more likely to show a change in expression than species-specific targets.
In summary, these results indicate that PEP1 and FLC targets include a small core set of conserved genes, but that, overall, their genome-wide binding landscapes are very different.
Sequence Variation at CArG-Box Motifs Contributes to Divergence in PEP1 and FLC Binding. FLC and PEP1 proteins show high sequence identity, which reaches 100% in the DNA-binding MADSdomain (SI Appendix, Fig. S8 ), yet their genome-wide BSs are highly divergent (Fig. 2) . Comparison of the overall sequence conservation of A. alpina BSs in A. thaliana demonstrated that BSs that are conserved across species showed similar levels of sequence identity to those that are specific to A. alpina (SI Appendix, Fig. S6 ). This result differs from that described for SEP3 in A. thaliana and A. lyrata, in which genomic regions that were bound by SEP3 in both species were significantly more conserved than regions that were bound specifically in either species (5) . As overall sequence across the FLC and PEP1 BSs is similarly conserved at specific and conserved BSs, the configuration of cis-elements, particularly of the CArG-boxes recognized by the TFs, was compared in both sets of BSs. This motif was significantly enriched in species-specific BSs as well as conserved BSs, and the motifs showed high similarity between species (Fig. 3A) , suggesting that both TFs recognize the same cis-elements. However, the consensus sequences of CArG motifs in conserved and species-specific BSs differed slightly (Fig. 3A) : only the consensus sequences of conserved BSs showed significant (Z-score >3) enrichment of a TTT extension at the 5′ end of the core motif (Fig. 3A) . This suggests that the 5′ TTT is a functional part of the CArG-box at the conserved BSs, similar to the 3′ AAA extension that was found in all BSs and that was previously found in FLC BSs (15) . Interestingly, ChIP-seq peaks present at conserved BSs are also generally more significant than those present at specific BSs (Mann-Whitney U test for PEP1, P = 0.00611; Mann-Whitney U test for FLC, P = 0.0329; Fig.  3A ), suggesting that in vivo FLC/PEP1 might bind more strongly to those sites containing both the 5′ TTT and 3′ AAA sequences.
These differences between conserved and species-specific CArG-box motif sequences are found in both species, and therefore do not explain the divergence in the BSs of PEP1 and FLC between A. alpina and A. thaliana, respectively. To analyze these sequences in more detail, position-specific PhastCons scores, which represent the probability that a given nucleotide is part of a conserved region, were calculated for the CArG-box motifs and flanking nucleotide positions. Analysis of positionspecific PhastCons scores within CArG-box motifs and 10 flanking nucleotides on each side in the conserved and specific BSs revealed that the CArG motifs within conserved BSs tend to have higher PhastCons scores (Fig. 3B) . These results indicate that CArG-boxes in the conserved BSs are located within more conserved regions than CArG-boxes of A. alpina-specific BSs. Furthermore, a strong association was found between BS conservation across species and the presence of a CArG-box in those sites in both species (Fig. 3B, Inset) . Approximately 80% of conserved PEP1 BSs contain a CArG-box in the A. thaliana orthologous sequence that is bound by FLC. In contrast, only 45% of the A. alpina specific PEP1 BSs contain this motif in their A. thaliana counterpart (Fig. 3B, Inset) . This dramatic reduction in CArG-box conservation at the A. thaliana orthologs of specific PEP1 BSs probably largely explains the lack of FLC binding at these sites. Absence of CArG-boxes in these regions of A. thaliana was generally not caused by large-scale rearrangements, because overall homology of the BSs sequence between species is mostly maintained (SI Appendix, Fig. S6 ). Examples of modifications that change the CArG-box motif are shown in Fig.  3C . In each of these cases, the CArG-box is absent in Aethionema arabicum and in the Arabidopsis species examined, suggesting that they were gained in a lineage leading to the Arabis genus. Similarly, for A. thaliana-specific BSs, CArG-boxes were not present in most sequence counterparts in the A. alpina genome (Fig. 3B , Inset) and regions surrounding the cis-elements are more conserved in common BSs than in specific ones (Fig. 3B) . In contrast to CArG-boxes, the conservation of G-box elements and TCP-BSs at PEP1 BSs did not strongly differ between conserved and specific BSs and thus did not correlate with binding conservation (SI Appendix, Fig. S9 ). In summary, conservation of binding at orthologous sequences across species is strongly correlated with presence of the CArG-box motif in both species (Fig. 3 A and B) , whereas species-specific PEP1 binding correlated with absence of the CArG-box in A. thaliana but not with large sequence rearrangements.
Although the absence of a CArG-box motif is strongly correlated with loss of binding, ∼40% of specific BSs retained a CArG-box in the species in which no binding was detected (Fig.  3B, Inset) . Lack of binding at these sites was also not correlated with absence of other motifs, such as the G-box or the TCPbinding motif (SI Appendix, Fig. S9 ). CArG-box motifs are recognized by many MADS-box TFs in addition to FLC, some of which were shown to form a protein complex with FLC (16, 35) , and the genome-wide BSs of several of these have been identified in A. thaliana (15, 16, (23) (24) (25) (26) (36) (37) (38) . Conservation of CArGboxes at species-specific BSs might be necessary to allow binding of other MADS-box TFs to these sites in the species in which FLC/PEP1 does not bind. Binding of different MADS-box TFs could allow repurposing of a cis-element, as was described in human and mouse (39) . Comparison of the BSs detected for FLC/PEP1 with those previously described for other MADS-box TFs in A. thaliana showed that ∼80% of FLC-specific BSs are bound by at least one other MADS-box TF, whereas, for 40% of PEP1-specific BSs, the orthologous A. thaliana sequence has been found to bind another MADS-box TF (Fig. 3D) . A. thaliana-specific BSs containing a conserved CArG-box are slightly more frequently bound by other MADS-box TFs compared with all species-specific BSs [ Fig. 3D , row 1 (red) vs. row 2 (black)], suggesting that these CArG-boxes might be selected for because other TFs recognize these regions. Interestingly, BSs that are conserved between A. thaliana and A. alpina show a higher frequency of overlap with BSs of other MADS-box TFs than the species-specific BSs (Fig. 3D, row 3) . The conserved function of PEP1 and FLC might involve interaction with some of these other MADS-box TFs, or these regions might be recognized by multiple MADS-box complexes.
In summary, sequence analysis of BSs showed that PEP1/FLC binding conservation is associated with the presence of a CArGbox at the BSs in both species, but CArG-box conservation is not sufficient for binding to occur. The binding of other MADS-box TFs to the same BS as PEP1/FLC might explain why, in some cases, the CArG-box is maintained even though conserved binding is not observed.
Target Genes of PEP1 and FLC Show Related Biological Functions.
Gene Ontology (GO) enrichment analysis of direct target genes was performed to address whether differences in the binding landscapes of PEP1 and FLC cause divergence in the biological processes they regulate. In contrast to the high divergence in the identity of FLC and PEP1 direct target genes (Fig. 2) , the biological processes associated with the targets of each TF were highly similar (Fig. 4A, Left) . Consistent with the early-flowering phenotypes of flc and pep1 mutants, the most enriched gene set regulated directly by FLC and PEP1 contained genes involved in flowering-time control with representation factors of 8.6 and 5.0 for PEP1 and FLC, respectively (Fig. 4A , Left, and Dataset S1). In both species, direct targets include genes that control flowering in distinct pathways and tissues of the plant, particularly in the photoperiod/light sensing/circadian clock pathway, in GA metabolism or signaling, and in meristem response and development (Dataset S1). Among genes bound by PEP1 whose orthologs are associated with the photoperiodic pathway were CONSTANS LIKE 5 (COL5), FT, NUCLEAR TRANSCRIPTION FACTOR Y SUBUNIT B-2 (NFY B-2), PIF3, TARGET OF EAT 1 (TOE1), and TOE2. COL5 is under circadian clock and diurnal regulation, and reduced or increased activity of this gene alter flowering time (40, 41) . Furthermore, FLC binds to eight genes associated with photoperiodic flowering response, but only FT and PIF3 are conserved targets with PEP1. Specific targets of FLC in A. thaliana are TEMPRANILLO 1 (TEM1), NUCLEAR TRANSCRIPTION FACTOR Y SUBUNIT C-9 (NFY C-9), SPA1-RELATED 2 (SPA2), CIRCADIAN 1 (CIR1), AGAMOUS LIKE-15 (AGL15), and the photoreceptorencoding gene PHYTOCHROME B (PHYB).
Genes encoding GA metabolism enzymes were also enriched among targets of both TFs (Fig. 4A) , which might be related to the role of GA in promoting flowering. FLC was previously shown to control expression of genes involved in GA regulation, and the FLC-interacting MADS-box protein SVP has a role in reducing GA biosynthesis (42) (43) (44) (45) (46) . Here, PEP1 was found to directly bind genes encoding enzymes involved in GA catabolism or biosynthesis such as GIBBERELLIN 2-OXIDASE 8 (GA2ox8) and GIBBERELLIN 3-OXIDASE 2 (GA3ox2), as well as genes in the signaling pathway including GA INSENSITIVE DWARF1B (GID1B). By contrast, FLC bound directly to genes involved in GA signaling, such as GA INSENSITIVE DWARF1C (GID1C) and RGA-like 2 (RGL2). FLC also bound to GA2ox8, but at a different BS than PEP1 (SI Appendix, Fig. S5 ), and expression of GA2ox8 in A. thaliana was up-regulated in flc-3 (16) rather than down-regulated as in pep1-1 (SI Appendix, Fig. S7 ). These data indicate that FLC and PEP1 both regulate GA-related processes but that they do so mostly by binding to different genes. Other GO categories enriched for both TFs included flower development, abiotic stimuli, response to cold, and response to temperature stimulus.
The 39 common target genes ( Fig. 2A and Dataset S1) were then analyzed separately. The GO terms for this group showed overrepresentation of flowering-time genes and of genes involved in reproductive development (Fig. 4A, Right) . Seven common target genes were involved in flowering-time control, and represent almost 20% of the common target genes. Four of these correspond to meristem response and development, suggesting that control of these processes might be more strongly conserved during evolution (Dataset S1). Shared flowering target genes included SOC1, SVP, SPL15, SEP3, GA2ox8, FT, and PIF3, some of which have genetically confirmed functions downstream of FLC (28, 35) . Except for GA2ox8 and FT, all of these common target genes encode TFs with major regulatory functions, which indicates that at least some of the mechanisms by which FLC and PEP1 repress flowering are conserved. Analysis of the genes that were directly bound by PEP1 and differentially expressed in pep1-1 mutants again identified categories related to flowering (Fig. 4A, Right) . Thus, conserved binding of PEP1 to flowering-time genes is often associated with repression of their transcription. On the contrary, GO categories related to temperature responses were not enriched among those differentially expressed in pep1-1 (Fig. 4A) , indicating that direct binding to temperature related genes is not related with controlling transcription under normal growth temperatures. However, as is shown later, some of these genes were differentially expressed in pep1-1 compared with WT at lower temperatures.
The sequences of three conserved targets with key regulatory roles in flowering or flower development were analyzed (Fig.  4B) . In these cases, the predicted CArG-box BSs and surrounding sequences were highly conserved between A. alpina and A. thaliana (Fig. 4B) . Moreover, the predicted BSs were highly conserved in other Brassicaceae species, and two were conserved in A. arabicum, the most basal lineage within the Brassicaceae family, and Tarenaya hassleriana, a member of the sister family ( Fig. 4C and SI Appendix, Fig. S10 ). Among the whole set of conserved target genes, the CArG-boxes are widely conserved in the Brassicaceae, but only a small subset is conserved in all species (SI Appendix, Fig. S11 ). These findings suggest that the regulation of these genes by PEP1/FLC is broadly conserved in the Brassicaceae, although this remains to be directly tested.
In summary, to control flowering, FLC and PEP1 regulate transcription of several orthologous genes through binding to highly conserved CArG motifs, whereas other biological processes regulated by both TFs mainly involve their binding to different target genes, suggesting that they arose by convergent evolution.
PEP1 and FLC Modulate Responses to Short-Term Cold Exposure by
Regulating Different Sets of Genes. Several direct target genes of FLC and PEP1 were found to be associated with the functional categories "response to cold" or "response to temperature" (Figs. 1C, 4A, and 5A) . Moreover, PEP1 bound to orthologs of 33 of the robust list of 1,279 A. thaliana cold-regulated (COR) genes (47) , and orthologs of 62 COR genes were differentially regulated in pep1 (17% of pep1-1 differentially regulated genes; Fig. 5B and Dataset S6). Comparison of the expression levels of these 62 genes in the pep1-1 mutant with published expression levels of their A. thaliana orthologs after 1 h of cold treatment (47) revealed highly correlated patterns (SI Appendix, Fig. S12 ). These results suggest that mutation of PEP1 in A. alpina has a similar effect on the transcription of these genes as cold treatment in A. thaliana, and therefore PEP1 might negatively regulate the cold response. Similarly, FLC target genes include those belonging to the response to cold or response to temperature GO categories and 44 COR genes ( Fig. 5B and Dataset S6). Furthermore, 70 COR genes are differentially regulated in flc-3 (26% of flc-3 differentially regulated genes) compared with FLC (Dataset S6), and expression patterns of these genes in WT background after 1 h of cold treatment resemble those in the flc-3 mutant (SI Appendix, Fig. S12 ). Together, these findings suggest that FLC and PEP1 are negative regulators of the cold response. However, comparison of COR genes regulated by FLC and those regulated by PEP1 revealed only a small overlap (Fig.  5B) , indicating that most of the cold-network genes controlled by PEP1 and FLC are different.
PEP1 was found to bind to many COR genes (Figs. 4A and 5 A and B), but analysis of direct targets that are also differentially regulated in pep1-1 under ambient temperature did not identify cold-related terms (Fig. 4A) . Therefore, to test whether PEP1 directly regulates the cold response, the expression of these target genes was analyzed at low temperature in WT and pep1-1 plants. Even though PEP1 expression was slightly increased in response to short-term cold treatment (SI Appendix, Fig. S13) , similar to what was described for FLC in A. thaliana (48), many PEP1 direct target genes were expressed at higher levels in the pep1-1 mutant compared with WT (Fig. 5C ), suggesting that PEP1 functions in cold temperature to modulate the cold response. Expression of COR genes was also analyzed during vernalization, when PEP1 is eventually silenced, and the repressive effect of PEP1 on cold-induced gene induction of some of these genes, such as AaCOL1 and AaGolS3,was still detectable in the first weeks of vernalization (SI Appendix, Fig.  S14 ), correlating with PEP1 expression (8) . The expression patterns of orthologs of the COR genes that were direct targets of PEP1 were examined in response to short-term cold treatment in A. thaliana (Fig. 5C ). The flc-3 mutation had a similar effect on the amplitude of induction of these cold-responsive genes as pep1-1 did in A. alpina (Fig. 5C) . However, only three of the five tested are direct targets of FLC, and, of those, only COL1 is bound at a conserved BS, but this BS does not contain a conserved CArG-box identified in the analysis of conserved target genes (SI Appendix, Figs. S5 and S11, and Dataset S1). This further supports our suggestion that PEP1 and FLC negatively regulate the cold response but do so by directly binding to different genes or BSs.
During cold exposure, plant growth is reduced (49) , and, in A. thaliana, CBF1 overexpression caused severe growth reduction (50) , suggesting that active repression of growth is part of the response to cold. Stronger expression of cold-responsive genes, including CBF1 (Fig. 5C ), in pep1-1 prompted us to test whether the pep1-1 mutation also affects plant growth in response to cold. Compared with WT plants, growth of the pep1-1 mutant was significantly reduced during cold treatment (Fig. 5D) . By contrast, before or after cold exposure or under control conditions in which plants were not exposed to cold, this effect was not detected or was even reversed. A stronger growth retardation in response to cold in pep1-1 suggests that, by modulating expression of coldresponsive genes, PEP1 might promote growth in cold, a function not previously assigned to this gene to our awareness.
Taken together, PEP1 and FLC negatively regulate cold induction of cold-responsive genes, but, in contrast to the regulation of reproductive development (Fig. 5E) , the COR genes controlled by FLC and PEP1 are highly divergent.
Discussion
Phenotypic differences between closely related species are often caused by changes in gene transcription (51, 52) . Variation in the activity of regulatory TFs or in the sequence of their BSs can cause alterations in the transcription of target genes (53) . The rate with which genome-wide patterns of TF binding change during evolution seems to vary in different lineages (9), but has not been extensively studied in plants. Here we show that the BSs of the orthologous MADS-box TFs FLC and PEP1 vary greatly between A. thaliana and A. alpina, two species in the Brassicaceae family, but a core set of targets with roles in reproductive development is highly conserved. We argue that the functions of PEP1 and FLC in reproductive development are highly conserved but that they have independently acquired functions in abiotic stress responses.
Conservation and Diversification of TF BSs. The genome-wide landscapes of BSs for orthologous TFs differ markedly among related species of yeast and mammals. For example, analysis of BSs of the liver-specific TF CEBPα in five different vertebrates and six rodent species showed an exponential decrease in the proportion of BSs conserved with evolutionary distance (4, 54, 55) . Analysis of genome-wide BSs of several TFs in different tissues of human and mouse also showed low conservation (39). However, genome-wide BSs for TFs among Drosophila species seem to diverge more slowly than in mammals. For instance, more than 60% of the BSs of the TF Twist, which is involved in embryo development, were conserved among Drosophila species that diverged more than 30 Mya (3). Similar results were obtained for six TFs that regulate segmentation (10) . This apparent lower rate of TF BS divergence among Drosophila species might result from their more compact genome size and higher effective population size than those of mammals (9, 56) . In plants, in which genome size and structure vary greatly even among closely related species (57, 58) , little is known of the rate of divergence of genome-wide patterns of TF binding. The one example available so far showed that, between the sister plant species A. lyrata and A. thaliana, only ∼20% of BSs of the SEP3 TF were conserved, suggesting a fast rate of divergence more similar to that observed in mammals. However, analysis of more TFs in a wider range of species is required to provide a broader picture of the divergence of TF binding in plants. We analyzed the genome-wide binding patterns of the orthologous MADS-box TFs FLC and PEP1 of A. thaliana and A. alpina, Growth phenotype of pep1-1 mutant in cold. Plant diameter during cold treatment is shown as mean ± SEM (n = 2). Student's t test between WT and pep1-1 was performed (n.s., not significant; *P < 0.05, **P < 0.01, and ***P < 0.001). Controls represent plants that were grown at 22°C for 3 wk. (E) Model of PEP1 and FLC regulation of cold responses and flowering. Direct targets with nonconserved BS are shown in gray.
respectively, two species in different lineages of the Brassicaceae, and found that fewer than 20% were shared between species. Although the CArG-box motifs recognized by different MADS-box TFs can differ subtly in sequence (14, (59) (60) (61) , this is unlikely to be the cause of the divergent binding patterns of FLC and PEP1 because de novo motif discovery of the ChIP-seq peaks indicated that these TFs recognize the same consensus sequences. Similar observations were made for orthologous metazoan TFs with divergent genome-wide binding patterns (3, 4, 10) . Nevertheless, for FLC and PEP1, the conserved BSs appear to differ qualitatively from the species-specific BSs. De novo motif discovery performed specifically on their common BSs identified an extended palindromic CArG-box consensus. MADS-box TFs bind DNA as tetramers, and each dimer binds one CArG-box motif (62) . Variability in the CArG-box sequence recognized in vivo by SEP3 was previously proposed to result from it acting in different homo-and heterodimers (23) . Flowering-time genes were enriched among those targets containing common BSs for FLC and PEP1 and were overrepresented among genes bound by FLC and its partner MADS-box TF SVP (16, 35) . Therefore, common targets might be predominantly recognized by the SVP/ FLC complex, whereas species-specific BSs might be recognized more frequently by FLC acting together with other MADS-box partners. Defining such combinatorial activities of TFs can allow their BSs to be predicted more accurately by using computational approaches (63) .
Much of the variation in TF binding patterns among species has been explained by species-specific sequence variation at DNA motifs recognized by the TFs (3, 4, 10) or by insertion of transposable elements (4, 5, 64) . The divergent landscapes of PEP1 and FLC binding could partially be explained by different distributions of CArG-box motifs. The majority of A. thaliana genomic regions orthologous to A. alpina-specific BSs did not contain a consensus CArG-box. Similarly, in comparisons of SEP3 binding between A. thaliana and A. lyrata, species-specific binding was often associated with modification or absence of the CArG-box in the species in which no binding was detected (5) . Also, in vertebrates, the liver TFs HNF1α, HNF4 α, and HNF6 of mouse recognized humanspecific BSs in mouse cells containing a human chromosome, emphasizing the importance of cis-acting variation in generating species-specific binding patterns (65) . No evidence was obtained for the direct involvement of transposons in the generation of the specific BSs for PEP1 and FLC between A. alpina and A. thaliana, in contrast to what was observed for SEP3 in A. lyrata (5) and despite the high transposon content of the A. alpina genome (22) .
Although lack of binding often correlated with absence of a CArG-box, 45% of PEP1-specific BSs retained the CArG-box at the orthologous site in A. thaliana. Thus, at these sites, the presence of a CArG-box is not sufficient for FLC binding. In other systems, loss of TF binding despite the conservation of the binding motif has been explained in different ways. Variation in regions flanking the core motif can impair binding of a TF because it prevents combinatorial interactions with a second TF that binds to an adjacent site (16, 54, 55) or it affects the DNA structure (66) or chromatin accessibility (67) . Furthermore, changes in methylation patterns could also account for differences in TF binding (68) . These observations emphasize the importance of testing binding directly and not relying on predictions based on conservation of the binding motif. Other features of these sites might preclude FLC binding, such as the absence of binding of another TF complex at a neighboring site that acts in a combinatorial fashion with FLC or a more general feature of the chromatin structure. However, de novo motif discovery performed on the speciesspecific sites of FLC/PEP1 binding in the species in which binding occurred did not identify any sequence motif apart from the CArG-box, suggesting that the additional features present at these BSs are not sufficiently conserved in different genes to be identified by this approach or that they are not recognizable in the primary DNA sequence.
The genome of A. alpina is threefold larger than that of A. thaliana, and larger genome sizes have been proposed to correlate with rapid evolutionary turnover of TF BSs, as described here earlier in the comparison of Drosophila species and mammals. Variation in intergenic distances in the genomes of different plant species might also contribute to divergence in the rate at which TF BSs exhibit turnover, although the difference in genome size between A. alpina and A. thaliana is much smaller than that between flies and vertebrates. Despite the larger genome of A. alpina, we found fewer PEP1 BSs than FLC BSs in A. thaliana. However, to determine if this correlates with a lower BS turnover in A. alpina, it will be necessary to consider rates at which BSs were gained and lost in both species. Nevertheless, the rapid rate of turnover of FLC/ PEP1 BSs described here, and that of SEP3 BSs in the only other study on genome-wide turnover of plant TF BSs of which we are aware (5), suggest that, in plants, as in vertebrates, BSs of TFs involved in developmental processes evolve rapidly.
Conservation of the Core Developmental Function of TFs. In metazoans, despite rather low conservation of BSs of TFs involved in development, their regulatory functions are often maintained. This apparent paradox seems to be explained by high conservation of binding to key genes involved in the core developmental function of the TF (3, 4, 54, 69) . Sometimes, even though binding to the same gene occurs in different species, the BSs in the orthologs are at different positions (4, 39, 64, 69) . Similarly, FLC and PEP1 each bound to hundreds of genes, but only 39 (Dataset S1) were identified as common target genes. Thus, despite the similar early-flowering phenotypes of flc and pep1 mutants, the cis-regulatory networks regulated by these orthologous TFs are strongly divergent. Nevertheless, as described here earlier for metazoan TFs involved in development, genes involved in their common developmental function of flowering-time control were highly overrepresented among the common targets of FLC and PEP1. Early flowering is the most evident phenotype of the flc and pep1 mutants, suggesting that the major evolutionarily conserved function of these TFs is to repress flowering. Similarly, many SEP3 target genes involved in flower development were conserved in two sister species (5). Thus, the conservation of core functions accompanied by rapid turnover of other BSs appears to be found widely in diverse organisms from vertebrates to plants.
Common targets in flowering-time control indicate that FLC and PEP1 repress the earliest stages of floral induction in the shoot meristem. SOC1 and SPL15 are both direct targets and were recently shown to cooperate to activate target genes in the meristem under noninductive conditions (31) . SOC1 is also an early-acting gene in photoperiodic response (29) . Therefore, by repressing both of these genes, activity of the SPL15-SOC1 complex would be strongly reduced, and floral induction effectively repressed under different environmental conditions. Similarly, SEP3 is a member of many MADS-box complexes involved in reproductive development, and its promoter was bound by both PEP1 and FLC (70) . The CArG-boxes recognized by PEP1 and FLC in these three genes are conserved in all Brassicaceae genomes tested except A. arabicum, in which only the CArG-box present in SOC1 was conserved. Thus, these genes were probably regulated by FLC orthologs early during the divergence of the Brassicaceae, before separation of the Arabis and Arabidopsis lineages, and these BSs must be under strong selective pressure; however, binding of FLC orthologs to these sites remains to be tested experimentally in a broader range of species. Previously, FT and FD, which encode photoperiodic flowering pathway components, were identified as targets of FLC by ChIP-PCR (71) . Neither here nor in other genome-wide analyses of FLC targets was FD identified as a target of FLC/PEP1 (15, 16) . Therefore, despite the early ChIP-PCR result, FD is probably not directly regulated by FLC. By contrast FT is bound by FLC and PEP1 in A. thaliana and A. alpina, respectively (15, 16) . Finally, the list of highly conserved targets includes genes that have not previously been shown to have roles in flowering, but are now candidates for testing, including several encoding TFs, a transporter, and a helicase (SI Appendix, Fig. S11 ).
Nonconserved Targets of FLC and PEP1 Support Convergent Evolution on Stress Responses. Analysis of all BSs of FLC or PEP1 identified many of the same enriched GO categories, particularly hormone stimuli or the response to cold, suggesting that these TFs regulate abiotic responses as well as reproductive development. Similarly, the LEAFY TF, which has developmental roles in conferring floral meristem identity, was shown to contribute to biotic stress responses in A. thaliana (72) . Among yeast species, divergence in TF-binding patterns was proposed to facilitate adaptation to different environments (2) . FLC and PEP1 both bind many COR genes, which are regulated by CBF TFs and are implicated in adaptation to cold. Also, overexpression of CBFs was previously shown to increase FLC transcription (48) , suggesting a complex interaction between abiotic stress responses to cold and FLC activity. We detected increased transcription of COR genes in pep1-1 and flc-3 compared with WT when plants were grown in cold, suggesting that PEP1 and FLC function specifically in cold to repress COR gene induction. As cold stress tolerance comes along with a retardation of growth (49), PEP1 and FLC might modify this trade-off to maintain growth under cold but nonfreezing temperatures. Interestingly, most of the COR genes bound by FLC or PEP1 are specific for each TF or the COR target genes are orthologous but the BSs are different, as shown for CBF1. This dramatic difference in the set of COR genes regulated by FLC and PEP1 suggests that these TFs were independently recruited after divergence of the lineages containing A. alpina and A. thaliana to modulate responses to cold, and this might represent convergent evolution to adapt to colder climates after the Brassicaceae split from the Cleomaceae (21).
Perspectives. As observed in metazoans, analyzing TF BSs in plant species from different lineages of the Brassicaceae is informative in understanding TF function and evolution. Performing similar studies with more TFs will demonstrate how generally applicable these observations are, and analyzing species in other families will indicate whether conservation of BSs extends beyond the Brassicaceae. FLC orthologs and their regulation by vernalization have been described even in monocotyledonous species (73) . Consistent with this, the CArG-boxes to which FLC and PEP1 bind in SOC1 and several other flowering-time genes were present in the orthologs of T. hassleriana, a member of the Cleomaceae, a sister family to the Brassicaceae. However, the Cleomaceae are found in semitropical regions and do not show a vernalization response, suggesting that this CArG-box is bound by other MADS-box TFs in T. hassleriana and has been repurposed in the Brassicaceae to bind FLC orthologs that contribute to vernalization response or that the FLC orthologs present in T. hassleriana (SI Appendix, Fig. S15 ) bind to this site but do not confer vernalization response. Deepening our knowledge of the function and topology of these networks in different species will help in the understanding of the evolution of reproductive development and of plant transcriptional networks more generally.
Methods
Growth Conditions, Plant Materials, and Phenotypic Analysis. A. alpina plants from Pajares accession and pep1-1 mutant (8) were grown under LD conditions (16 h light/8 h dark at 20°C). The A. thaliana FRI introgression line (Col FRI) (74) was used as WT. The flc allele used was flc-3 (6). Plants were grown on soil under controlled conditions. For phenotypic analysis of growth under cold conditions, plants were grown for 2 wk under LD conditions at 21°C and then transferred to SD conditions at 4°C or 21°C. Further details of expression analysis are provided in the SI Appendix.
Genome-Wide Transcriptome Studies. RNA for RNA-seq experiments was obtained from three biological replicates, and total RNA was isolated by using an RNeasy Plant Mini Kit (Qiagen) and subsequently digested with RNase-free DNase (Ambion) according to the manufacturer's protocol. A total of 4 μg of RNA was used for library preparation using TruSeq RNA Sample Preparation (Illumina). Libraries were gel-purified from 200 to 350 bp and pair-end sequencing (100 bases read) was performed at the Cologne Center for Genomics, University of Cologne.
ChIP Experiments. For ChIP experiments, plants were grown in LD conditions for 2 wk and above-ground tissue was collected at Zeitgeber time (ZT) 8. Three independent biological replicates were performed for PEP1 ChIP-seq assays, and two were performed for FLC ChIP-seq. For ChIP on PEP1, the Pajares and pep1-1 genotypes were used with 1 μL of PEP1 antiserum raised against the C-terminal domain of PEP1 (12) . For ChIP on FLC, the A. thaliana genotypes Col FRI and flc-3 FRI were analyzed and 2 μL of FLC antiserum was used (15) . After cross-linking, the ChIP and ChIP-seq were performed as in ref. 16 for both species. Further details are given in the SI Appendix.
ChIP-Seq and RNA-Seq Data Analysis. After quality checking, the Illumina sequence reads were mapped to the A. alpina Pajares reference genome sequence (22) . The numbers of reads obtained for each replicate are listed in Dataset S3. ChIP-seq peak calling was performed for the replicates of Pajares against those of the pep1 mutant negative control. Recommended guidelines were followed for the analysis of ChIP-seq data for quality control, read mapping, normalization, peak-calling, and assessment of reproducibility among biological replicates (75) . The tools "ranger" and "wig" were used in the software PeakRanger (76) to identify read-enriched genomic regions (P = 1 × 10
, q-value = 0.01, remainder of parameters set to default settings) and to generate variable-step wiggle files of read coverage. Further details of these methods and analysis of the RNA-seq data are given in the SI Appendix. Other bioinformatics analysis were carried out following standard procedures (77) .
Bioinformatic Analysis on cis-Elements and Identification of Ortholog Sequences. All bioinformatics approaches to identify enriched cis-elements, distribution of motifs across peaks, and identification of ortholog peak sequences are given in the SI Appendix.
